Objective-Lipoprotein lipase (LPL) exerts 2 principal actions, comprising enzymatic hydrolysis of triglyceride-rich lipoproteins (TRLs) and nonenzymatic ligand capacity for enhancing lipoprotein removal. The common LPLS447X variant has been associated with cardiovascular protection, for which the mechanism is unknown. We therefore evaluated enzymatic and nonenzymatic consequences of this LPL variant on TRL metabolism. Methods and Results-TRL apolipoprotein B100 (apoB100) metabolism was determined in 5 homozygous LPLS447X carriers and 5 controls. Subjects were continuously fed and received infusion of stable isotope L-[1-13 C]-valine. Results were analyzed by SAAMII modeling. Also, preheparin and postheparin LPL concentration and activity were measured. Compared with controls, carriers presented increased very low-density lipoprotein 1 (VLDL 1 ) to VLDL 2 apoB100 flux (Pϭ0.04), increased VLDL 2 to intermediate-density lipoprotein (IDL) apoB100 flux (Pϭ0.02), increased IDL to low-density lipoprotein (LDL) apoB100 flux (Pϭ0.049), as well as an increased LDL clearance (Pϭ0.04). Additionally, IDL apoB100 synthesis was attenuated (Pϭ0.05). Preheparin LPL concentration was 4-fold higher compared with controls (Pϭ0.01), and a correlation was observed between preheparin LPL concentration and LDL clearance (r 2 ϭ0.92; Pϭ0.01). 3, 4 Lipoprotein lipase (LPL) plays a crucial role in TRL delipidation because this enzyme largely determines the conversion of large TRL (VLDL 1 ) via smaller triglyceride (TG)-depleted TRL (VLDL 2 and IDL) toward LDL. In addition, LPL exerts a ligand function, facilitating nonenzymatic removal of lipoprotein particles. [5] [6] [7] Most LPL gene variants have been associated with an increased cardiovascular disease (CVD) risk and result in partial loss of function. 8, 9 In contrast, the frequent LPLS447X variant, present in 20% of the population, is associated with decreased TG and increased high-density lipoprotein cholesterol (HDL-C). 8 Data on the LPL concentration and activity in this variant have been conflicting. 8, 10, 11 Overall, this LPL variant is associated with a lower incidence of CVD. 8 However, the precise mechanisms remain to be determined.
vidence has accumulated to show that triglyceride-rich lipoproteins (TRLs) contribute to atherogenesis. 1, 2 The TRL pool ranges from very large particles consisting of chylomicrons (CMs) and very low-density lipoprotein 1 (VLDL 1 ) to smaller particles like VLDL 2 and intermediatedensity lipoproteins (IDLs). VLDL 1 and VLDL 2 contribute to lipid accumulation in human macrophages and promote foam cell formation. 3, 4 Lipoprotein lipase (LPL) plays a crucial role in TRL delipidation because this enzyme largely determines the conversion of large TRL (VLDL 1 ) via smaller triglyceride (TG)-depleted TRL (VLDL 2 and IDL) toward LDL. In addition, LPL exerts a ligand function, facilitating nonenzymatic removal of lipoprotein particles. [5] [6] [7] Most LPL gene variants have been associated with an increased cardiovascular disease (CVD) risk and result in partial loss of function. 8, 9 In contrast, the frequent LPLS447X variant, present in 20% of the population, is associated with decreased TG and increased high-density lipoprotein cholesterol (HDL-C). 8 Data on the LPL concentration and activity in this variant have been conflicting. 8, 10, 11 Overall, this LPL variant is associated with a lower incidence of CVD. 8 However, the precise mechanisms remain to be determined.
Increased turnover of large VLDL to low-density lipoprotein (LDL), with ensuing enhanced clearance of LDL, could be a potential mechanism for cardiovascular protection in LPLS447X carriers. To test this hypothesis, we evaluated apolipoprotein B100 (apoB100) kinetics in homozygous LPLS447X carriers in the fed state by infusion of the stable isotope L- [1- 13 C]-valine.
Materials and Methods

Participants
Five male homozygous LPLS447X carriers were selected from a database at the Academic Medical Center in Amsterdam and matched to controls with respect to age, body mass index (BMI), smoking habits, lipid levels, and use of alcohol. None of the subjects had signs of CVD, nor did they exhibit E2/E2 or E4/E4 genotype. All participants gave written informed consent. The study protocol was approved by the institutional review board of the Academic Medical Center. The study conforms to the principles outlined in the Declaration of Helsinki.
Genotyping
LPL genotyping was performed as described previously. 12 Of 2000 DNA samples, 6 males were found to be homozygous carriers of the LPLS447X variant, 5 of whom were willing to participate.
Experimental Protocol
The protocol for infusion of labeled valine has been described previously. 13 All participants entered the research ward on the evening before the study. At 3:00 AM (tϭ0), baseline blood sampling was performed. Subsequently, a shake, equivalent to one twentieth of their daily food intake, was ingested every hour until 9:00 PM. This shake consisted of 14% of calories as protein, 44% as carbohydrates, 42% fat (17% saturated, 17% monounsaturated, and 8% polyunsaturated), and 90 mg cholesterol per 1000 kcal. Five hours after baseline blood sampling, intravenous catheters were placed in both forearms, and a priming dose of 17 mol/kg L-[1-13 C]-valine was given intravenously, followed by continuous infusion of 15 mol/kg per hour for 13 hours. Blood samples were obtained from the contralateral arm at baseline and after 5, 5.5, 6, 7, 8, 9, 10, 11, 12, 14, 16 , and 18 hours.
Isotope and Chemicals
L-[1-
13 C]-valine (isotope mole fraction Ͼ0.99; MassTrace) was dissolved in sterile 0.9% saline and sterilized through a 0.22-m filter. 14 Density solutions were made with kaline bromide (KBr) in 0.9% NaCl.
Biochemical Measurements
Blood for lipid analysis was drawn in EDTA-coated tubes. Plasma was isolated by centrifugation and stored at Ϫ80°C. Baseline total cholesterol was measured by standard enzymatic methods (CHOD-PAP; Roche Diagnostics). Baseline HDL-C was measured in the supernatant fraction after precipitation of apoB-containing lipoproteins with dextran sulfate and magnesium chloride. TG and free fatty acids (FFAs) were measured using commercially available kits (Triglyceride GPO-trinder, Sigma Diagnostics Inc.; NEFA-C, Wako Chemicals). LDL-C was calculated using the Friedewald formula.
Measurement of LPL Concentration and Activity
Blood for preheparin and postheparin LPL concentration and activity was collected in heparin-containing tubes before and 15 minutes after an intravenous injection of heparin (50 IU/kg body weight) Ն1 month before the study. LPL activity was analyzed as published previously. 15 LPL concentrations were measured using a commercially available kit (Markit-M LPL; Dainippon Pharmaceutical Co).
LPL Analysis in ApoB and Non-ApoB Fractions
ApoB-containing lipoproteins were precipitated with a solution of magnesium chloride, dextran sulfate, and magnetic beads (Polymedco). Preheparin plasma (200 L) was mixed with 40 L of the beads solution. The supernatant was collected and the pellet was resuspended in 150 L LPL stabilizer solution from an LPL ELISA kit (Markit-M), after which the beads were separated using a magnet. LPL concentration was subsequently measured in the supernatant and in the resuspended apoB-containing pellet.
Isolation and Analysis of ApoB100-Containing Lipoproteins
Isolation of apoB100-containing lipoproteins was performed as described previously. 14 In short, CM, VLDL 1 , VLDL 2 , IDL, and LDL were isolated using a discontinuous salt gradient by cumulative ultracentrifugation (UC; Beckman Ultracentrifuge Sw41 Ti rotor; Beckman Instruments). After 3 subsequent UC spins, the CM fraction (32 minutes, 40 700 rpm, 4°C, acceleration 5, brake 5), the VLDL 1 fraction (3 hours and 28 minutes) and the VLDL 2 , the IDL, the LDL, and the bottom fraction (HDLϩlipoprotein-deficient plasma) were collected after 17 hours. After sample collection of the first and the second UC spin, the UC tubes were refilled using 1 mL Dϭ1.006 g/mL KBr. All fractions were stored at Ϫ20°C. Fractional apoB100 concentrations were determined using a nephelometric assay (Dade Behring).
ApoB100 Isolation From Lipoproteins and Determination of 13 C-Valine Enrichment
ApoB100 was isolated from lipoproteins, and determination of 13 C-valine enrichment was performed as described previously. 13, 14 
ApoB100 Kinetics
ApoB100 production was measured as the rate of incorporation of 13 C-enriched valine into circulating VLDL 1 , VLDL 2 , IDL, and LDL apoB100, and best data fit in a 6-compartment model was determined using the SAAM II software (Simulation Analysis and Modeling; version 1.1.1.; SAAM Institute) as described previously and shown in the Figure. 14,16 Plasma volumes were calculated from body surface area. The plasma pool was calculated by multiplying the plasma volume by the plasma apoB concentration. It was assumed that during the study, each subject remains in steady state with respect to apoB100 metabolism, during which fractional catabolic rate (FCR) equals fractional synthetic rate. The direct catabolism in VLDL 1 apoB100 was assumed to be identical to the direct catabolism of VLDL 2 apoB100 to reduce the number of unknown variables.
Statistical Analysis
All data are presented as mean valuesϮSD. All data were analyzed with SPSS (version 12.0.1; SPSS Inc.) and were compared using an independent samples t test. Correlations were performed by linear regression. Statistical significance was accepted at a level of PϽ0.05.
Results
Baseline Characteristics
Baseline characteristics of carriers and controls are shown in Table 1 . Age, BMI, blood pressure, waist/hip-ratio, and lipids were not significantly different. Also, fasting apoB100, glucose, insulin, and calculated plasma volumes were comparable. Nonfasting lipids, plasma apoB, and apoB100 in the different lipoprotein fractions and FFAs were not significantly different between groups (data not shown). During feeding, plasma TG increased significantly compared with
Multicompartmental model for apoB100 metabolism. Compartment 1 represents plasma valine into which the valine tracer was injected. Compartment 2 represents a delay compartment.
Valine is incorporated in VLDL 1 apoB100, VLDL 2 apoB100, IDL apoB100, and LDL apoB100 via compartments 3, 4, 5, and 6.
The k values represent the rate constants.
baseline (PϽ0.01) without differences between groups (data not shown).
Kinetics
Rate constants are listed in supplemental Table I (available online at http://atvb.ahajournals.org).
VLDL 1 ApoB100 Metabolism
VLDL 1 apoB100 pool size was not significantly different between groups (Table 2) . VLDL 1 apoB100 synthesis, VLDL 1 apoB100 production rate, and transfer of VLDL 1 apoB100 were not significantly different between both groups. Interestingly, the flux of VLDL 1 to VLDL 2 apoB100 was 2.4-fold increased in carriers (Pϭ0.04). No significant differences were found for direct catabolism, total FCR, and direct clearance of VLDL 1 apoB100.
VLDL 2 ApoB100 Metabolism
VLDL 2 apoB100 pool size, VLDL 2 apoB100 synthesis, VLDL 2 apoB100 production rate, and transfer of VLDL 2 apoB100 were similar in both groups (Table 3 ). The flux of VLDL 2 to IDL apoB100 was 1.7-fold higher in carriers (Pϭ0.02). No significant differences were found in direct catabolism, total FCR, and direct clearance of VLDL 2 apoB100.
IDL ApoB100 Metabolism
IDL apoB100 pool size, IDL apoB100 production rate, transfer of IDL apoB100 to LDL apoB100, direct catabolism, total FCR, and direct clearance were not significantly different (Table 4 ). The flux of IDL to LDL apoB100 was 1.6-fold higher in carriers (Pϭ0.049). IDL apoB100 synthesis was lower in carriers (Pϭ0.05).
LDL ApoB100 Metabolism
No significant differences were found for LDL apoB100 pool size, synthesis, production rate, or total FCR between both groups (Table 5) . Interestingly, carriers exhibited a 1.4-fold increase in direct clearance of LDL apoB100 (Pϭ0.03). 
Lipoprotein Lipase
Correlations
In carriers, preheparin LPL concentration correlated with direct LDL apoB100 clearance (r 2 ϭ0.92; Pϭ0.01). No correlation was found between preheparin LPL and LDL clearance in the controls (Pϭ0.27).
Preheparin LPL and Lipoproteins
To verify whether preheparin LPL was associated with apoB-containing lipoproteins, we quantified LPL in whole Figure I , available online at http://atvb.ahajournals.org). In separate control experiments, we confirmed the presence of LPL in the apoB fraction using an alternative method to separate non-apoB-and apoB-containing lipoproteins (MgCl 2 and phosphotungstic acid; data not shown).
Discussion
In the present study, we show for the first time that LPLS447X carriers exhibit enhanced TRL conversion and increased LDL apoB100 clearance. Also, carriers exhibited a 4-fold increase in preheparin LPL concentration, which was strongly associated with LDL apoB100 clearance. These data suggest enhanced hydrolytic activity as well as increased ligand capacity of LPL in carriers of the LPLS447X variant. The delipidation cascade reflects TRL conversion attributable to LPL-mediated TG hydrolysis. 17 To date, analysis of TRL hydrolysis capacity has concentrated on measurement of postheparin LPL activity. Carriers in the present study exhibited identical postheparin LPL activity compared with controls, all of which were comparable to previously reported activities. 18 Of note, postheparin testing only reflects activity of the total LPL pool, of which only part is physiologically active. 17 Hence, postheparin values do not reflect the actual in vivo LPL-mediated lipolytic capacity. In the present study, preheparin LPL activity was below the detection limit. After a previous report showing impaired VLDL handling in an LPL variant characterized by attenuated LPL activity, 8, 9 we In addition to increased TRL conversion, the carriers also exhibited enhanced LDL apoB100 clearance. This LPLmediated LDL removal has been shown to be largely LDL receptor reliant, whereas only a minor portion occurs receptor independent. 19, 20 Carriers were characterized by a 4-fold increase in preheparin LPL concentration. 21 Because LPL has been reported previously to be present on LDL, the increased preheparin LPL concentration in carriers might contribute to the enhanced clearance of LDL. 21 The latter is underscored by the correlation between preheparin LPL concentration and LDL apoB100 clearance in the current study. Subsequently, we sought for evidence that LPL in serum is indeed associated with apoB-containing lipoproteins. To this purpose, we measured LPL concentration in apoB and non-apoB plasma fractions prepared from plasma of LPLS447X carriers and controls. Our results show that a large portion of plasma LPL can be traced in the apoB fraction. These findings concur with those reported by Olivecrona, who showed that preheparin LPL is predominantly present in the apoB fraction. 21 In line with the 4-fold increase of LPL concentration in plasma of LPLS447X carriers, a 3-to 4-fold increase in LPL content was also observed in the apoB fraction in LPLS447X carriers. Collectively, these data lend further support to a potential role for LPL in mediating increased LDL removal in LPLS447X carriers.
Several aspects of our study deserve closer attention. First, we have based our conclusions on data derived from a small group of homozygous carriers (nϭ5). Still, for kinetic studies, a small sample size is not uncommon, even ranging from 2 to 5 subjects in total. [22] [23] [24] [25] Second, the increased VLDL 1 to VLDL 2 flux in carriers may have been affected by high values for direct catabolism resulting in low values for transfer in subject 2. This outlying value is a consequence of the concept that no parameter should be artificially fixed in the model. 26 However, on reanalysis of the data by changing k 1 and k 3 in subject 2 (k 1 ϭk 3 ϭ0), we observed no changes to our initial conclusions. Third, the variation in direct catabolism (variation 0.0 to 7.9 pools per day) as well as the variation in LDL apoB100 synthesis (0 to 348 mg per day) in our study appears quite large. However, such large variations are in line with other apoB100 kinetic studies and are therefore likely to reflect biological reality. 26, 27 Finally, whereas increased turnover of TRL is generally associated with increased HDL and reduced TG levels, 8 lipid profiles in the present study were not significantly different between carriers and controls. This apparent discrepancy has several likely explanations, including baseline matching for lipid levels between carriers and controls as well as the limited study size. 28 -30 
Conclusions
In the present study, we show that homozygous LPLS447X carriers exhibit enhanced TRL conversion as well as increased LDL removal. Combined with increased concentration of LPL in the preheparin plasma, our data suggest increased in vivo enzymatic consequences as well as increased nonenzymatic consequences of LPL in LPLS447X carriers. Both mechanisms might contribute to the cardiovascular protection that is associated with the LPLS447X variant. 
